Frequencies of pure rotational transitions of isotopic species of water, H 2 17 O, and H 2 18 O were measured in the 1-5 THz region with a high-precision far-infrared spectrometer using a tunable radiation source. Measured frequencies of more than 100 spectral lines for each species provide an excellent frequency standard for the far-infrared region. Molecular parameters based on a Watson-type Hamiltonian have been obtained to reproduce the observed frequencies.
INTRODUCTION
The rotational spectrum of water vapor falls in the farinfrared (FIR) region where new spectroscopic techniques have been developed in the last decades. The rotational spectrum of water vapor is so strong and dense in the FIR region that the line frequencies can be used as conventional calibration standards for spectrometers in the region. From the point of view of molecular theory, the H 2 O molecule is a good example of a light rotator with large centrifugal distortion effects which make the calculation of highly excited rotational levels so difficult. Spectroscopists are attempting to analyze the spectrum using new theories to obtain better fitting. Accurate measurement of the transition frequencies is desired to provide a reliable data set for testing the theories. In our previous work (1), we measured the frequencies of rotational transitions of H 2 16 O from 0.5 to 5 THz using a tunable FIR spectrometer based on the difference frequency generation of two CO 2 
EXPERIMENTAL
Our FIR spectrometer is based on a tunable FIR (referred to as TuFIR) technique developed by Evenson and coworkers (14) . Because detailed descriptions of the spectrometer can be found in our previous papers (1, 15, 16) , only a brief description is given here. As shown in Fig. 1 , FIR radiation of high spectral purity is generated as a difference of two CO 2 laser radiations which are mixed in a metal-insulator-metal (MIM) diode. Microwave radiation tunable up to 18 GHz is added to generate tunable sidebands. Power of the sideband radiation is typically about 100 nW. With an appropriate choice of the pair of normal CO 2 laser lines, tunable FIR radiation up to 5.7 THz is generated. The frequency of each CO 2 laser is stabilized to the saturated fluorescence signal at 4.3 m from CO 2 in an external cell. A laser frequency modulation at 1 kHz which is used to stabilize the laser frequency results in a source modulation of FIR radiation at 1 kHz. The FIR radiation detected by a liquid helium-cooled silicon composite bolometer is phase sensitively detected at 1 kHz to obtain absorption lines.
The sample cell is a Pyrex glass tube of 0.5 m in length and 30 mm in diameter with polypropylene windows at each end. Because rotational lines of H 2 17 O or H 2 18 O are close in frequency to the corresponding lines of normal H 2 O, the path of the FIR radiation outside of the sample cell was made as short as possible and was purged with nitrogen gas to prevent the absorption of FIR radiation by atmospheric water vapor. Though some of the strong lines of H 2 18 O were measured using normal H 2 O sample in natural abundance (0.2%), most of the lines were measured with an isotope-enriched sample. A 10% enriched sample of H 2 17 O and a 96% enriched sample of H 2 18 O were used.
RESULTS
Prior to the present measurement, the most accurate frequency table covering the frequency range of our spectrometer (0.5-5.3 THz) had been given by Kauppinen and Kyrö (10), Kyrö (11) , and Partridge (12) Tables 1 and 3 , respectively.
ANALYSIS
Analysis of the rotational energy levels of H 2 O has been a challenging task for spectroscopists because the molecule shows an extremely large centrifugal distortion effect and the calculation based on the Taylor-series Hamiltonian in the Watson form (18) leads to large errors for highly excited rotational levels. A number of extensive studies with new theories have been reported to analyze the water molecule (19 -26) .
For the levels with low rotational quantum numbers like those observed in the present work, however, a calculation based on a Watson-type Hamiltonian is still a convenient method for giving precise energy values as shown in Refs. 1 and 13. Therefore, the observed frequencies were analyzed using a Watson-type A-reduced Hamiltonian as follows:
where J xy 2 ϭ J x 2 Ϫ J y 2 , and {A, B} ϭ AB ϩ BA. Data obtained by microwave spectroscopy and FT spectroscopy were also included in the best fit analysis. As for H 2 17 O, lines lower than 400 GHz were from microwave data by Steenbeckeliers (2) . The total number of lines for H 2 17 O was 127. As for H 2 18 O, lines lower than 550 GHz were from microwave data by De Lucia et al. (4) , where the three highest frequency lines, 6 42 4 5 51 , 5 32 4 4 41 , and 2 11 4 2 02 , were remeasured in the present work. Because the experimental errors for these three lines were smaller in our measurement, we used our data. The data from 5.25 to 8.4 THz were from those by Johns (13) . The total number of lines for H 2 18 O was 165.
The weights in the best fit analysis were set to be proportional to the inverse squares of the experimental uncertainties. The obtained molecular parameters for H 2 17 O and H 2 18 O are listed in Tables 2 and 4 , respectively. The transition frequencies calculated with these parameters are shown in Tables 1  and 3 
DISCUSSION
The uncertainty of the synthesized FIR frequency of the present spectrometer is typically about 10 kHz (30) . The uncertainties of measured frequencies of line positions, which are several tens of kilohertz in most cases, mainly come from determination of center frequencies of deformed lineshapes. The sample in the absorption cell is optically thick for strong absorption. The optical thickness results in the line deformation. The sample pressure must be kept below 0.1 Pa in most measurements to remove the deformation. Difficulty in maintaining a constant pressure during the measurement caused a slight deformation of the lineshape and brought about some uncertainty in determining the line center.
For some lines, experimental uncertainties exceed 100 kHz. In the neighborhood of a strong absorption line of atmospheric water vapor, not only the signal to noise ratio of a spectral line is degraded but also its baseline is deformed. These effects result in large uncertainties in determining center frequencies of the spectral lines.
In a preliminary experiment using a molecular beam sample (27) , we observed hyperfine splitting due to the quadrupole moment of 17 O nucleus in low-J lines of H 2 17 O. In the Doppler-broadened line profile observed in the present work, the hyperfine components were not resolved. For low-J and low frequency rotational lines, the effect of hyperfine structure brings about larger uncertainties in the determination of center frequencies. The large experimental uncertainty of 4 23 4 3 30 line can be attributed to this effect. In most measurements, however, the effect of hyperfine structure was not considered to be the main source of experimental error.
Molecular parameters in the ground vibrational state of H 2 17 O and H 2 18 O have been also obtained through the measurements of vibration-rotation transitions in the infrared region (28, 29) . Measurements of pure rotational transitions with FT spectrometers (11, 13) improved the accuracy of the parameters obtained from infrared spectroscopy. However, calculated values using those parameters scattered typically by several megahertz from frequencies observed in the present work. This large deviation reflects the accuracy of the FT spectroscopic measurements. As shown in Tables  1 and 3 , the new sets of molecular parameters obtained in the present work reproduce most of the measured frequencies within 1 MHz. For diatomic species studied so far using TuFIR spectrometers, the calculation using fitted parameters yielded frequencies three to four times more accurate than the measured values (30) . However, the theory for the water molecule is not nearly accurate, and the experimental values are more accurate. 
